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Endocannabinoids at the synapse a decade after the dies
mirabilis (29 March 2001): what we still do not know

Bradley E. Alger

Departments of Physiology and Psychiatry, University of Maryland School of Medicine, Program in Neuroscience, Baltimore, MD 21201, USA

Abstract Endogenous cannabinoids (endocannabinoids, eCBs) are ubiquitous regulators of
synaptic transmission in the brain, mediating numerous forms of short- and long-term plasticity,
and having strong influences on synapse formation and neurogenesis. Their roles as retrograde
messengers that suppress both excitatory and inhibitory transmission are well-established. Yet,
despite intensive investigation, many basic aspects of the eCB system are not understood. This
brief review highlights recent advances, problems that remain unresolved, and avenues for future
exploration. While 2-arachidonoylglycerol (2-AG) is probably the major eCB for intercellular
CB1R-dependent signalling, anandamide (AEA) has come to the forefront in several novel
contexts, both as a dual endovanilloid/endocannabinoid that regulates synaptic transmission
acutely and as the source of a steady eCB tone in hippocampus. Complexities in the cellular
processing of 2-AG are receiving renewed attention, as they are increasingly recognized as major
determinants of how 2-AG affects cells. Long-standing fundamental issues such as the synthesis
pathway for AEA and the molecular mechanism(s) underlying cellular uptake and release of eCBs
remain problematical.
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Introduction

Endocannabinoids, mainly N-arachidonoylethanol-
amide (AEA) and 2-arachidonoylglycerol (2-AG), are
the principal natural agonists of the most prevalent
cannabinoid receptor in the brain, CB1R (Kano et al.
2009). Although they were discovered in the early 1990s
(Devane et al. 1992; Mechoulam et al. 1995; Sugiura et al.
1995), their synaptic roles were obscure for years.

Concurrently, studies of inhibitory synaptic trans-
mission had uncovered a phenomenon eventually called
depolarization-induced-suppression inhibition (DSI)
(Llano et al. 1991; Pitler & Alger, 1992). Calcium
(Ca2+) influx induced by action potential firing or
simple depolarization of a principal cell in cerebellum
or hippocampus led to a transient suppression of
incoming GABAergic synaptic inputs. DSI appeared to
represent a ‘retrograde’ signalling process, i.e. an unknown

This report was presented at Synaptic mechanisms in the CNS –
Symposium to honour Roger A. Nicoll, which took place at Silverado
Resort, Napa Valley, CA, USA on 18–20 September 2011.

‘messenger’ generated in a postsynaptic cell travelled
across the synapse in the direction counter to the normal
flow of neurotransmission and transiently reduced the
release of GABA from presynaptic nerve terminals. At
first, the main issue was whether or not retrograde
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signalling actually occurred, but by the mid-1990s this
was unambiguous (Alger & Pitler, 1995; Morishita & Alger,
1997). Identifying the messenger became a central concern
and numerous candidates were ruled out. There were
close similarities between the suppression of GABAergic
inhibition caused by activation of group I mGluRs and
DSI (Glitsch et al. 1996; Morishita et al. 1998; Morishita
& Alger, 1999). DSI could be enhanced or occluded by
mGluR agonists, increased by blocking glutamate uptake,
and reduced by mGluR antagonists. Nevertheless, even
high concentrations of mGluR antagonists failed to abolish
DSI, and any role for glutamate remained uncertain.

On 29 March 2001, the publication of four papers
from four independent groups (in three different journals)
provided compelling theoretical and experimental
evidence that an eCB was the long-sought retrograde
messenger. The papers suddenly and forcibly brought
eCBs to the attention of a broad international community
of neuroscientists, settled several issues that had been
bubbling for over a decade, united two disparate
research fields, and established a new agenda for many
laboratories. PubMed lists over 4800 references to ‘end-
ocannabinoids’, of which roughly 4300 have appeared
since that day. While credit for the explosion of inter-
est in eCBs cannot, of course, be given exclusively to
these four papers – pioneering efforts of others had
discovered the fundamental neurochemical and structural
elements of the eCB system, and developed the essential
pharmacological tools beforehand (see reviews by Di
Marzo et al. 1998; Hillard, 2000; Howlett, 2002; Piomelli,
2003; Pertwee, 2005) – their immediate and lasting impact
justifies regarding March 29, 2001 as a truly ‘wonderful
day’ in the history of the field.

This short review focuses narrowly on some issues that
were raised in 2001 but are not yet resolved; important
topics that have necessarily been omitted can be found
in previous comprehensive reviews (Alger, 2002; Freund
et al. 2003; Chevaleyre et al. 2006; Heifets & Castillo, 2009;
Kano et al. 2009; Alger & Kim, 2011). The principles
of eCB signalling have now been extended from rodent
brain tissue to surgically removed human neocortical slices
studied in vitro (Kovacs et al. 2012), which implies that
these results will have broad significance for understanding
human neurophysiology.

29 March 2001

Reasoning from prior pharmacological and anatomical
studies of the actions of CB1R agonists, and the
localization of CB1Rs and the degradative enzyme for
AEA, fatty acid amide hydrolase (FAAH), Elphick &
Egertova (2001) proposed an explicit model in which
eCBs functioned mainly as retrograde messengers (see
their Fig. 2). Wilson & Nicoll (2001) and Ohno-Shosaku

et al. (2001) showed that DSI could be mimicked and
occluded by activating CB1R, and that CB1R antagonists
abolished it. Kreitzer & Regehr (2001) reported that a
new phenomenon, depolarization-induced suppression of
excitation, DSE, occurred at cerebellar excitatory synapses
and was also mediated by the retrograde action of eCBs.
DSI and DSE were initiated by increases in Ca2+ in the
postsynaptic cells and associated with changes in the
paired-pulse ratio (PPR) of synaptic transmitter release
that were consistent with a presynaptic effect. Kreitzer
& Regehr (2001) directly demonstrated a retrograde
influence, recording not only the suppression of Ca2+

influx into the presynaptic terminals during DSE, but pre-
vention of this suppression by manoeuvres confined to the
postsynaptic cell.

After confirmation of the retrograde role of eCBs, the
next critical development was the finding that glutamate
acting via group I mGluRs could directly generate eCBs
(Maejima et al. 2001; Varma et al. 2001) and enhance DSI
(Varma et al. 2001) implying a synergistic effect between G
protein coupled receptors (GPCRs) and Ca2+ mechanisms
of eCB synthesis, and reconciling the previous mGluR
data with the new results on eCBs and DSI. It was then
found that stimulation of muscarinic M1/M3 receptors
by acetylcholine also liberated eCBs (Kim et al. 2002;
Ohno-Shosaku et al. 2003), and it is now known that
numerous GPCR-coupled neurotransmitters use eCBs to
deliver or fine-tune their messages to their target cells
(Kano et al. 2009). The great abundance of CB1Rs in the
mammalian brain (Herkenham et al. 1990) now seems less
surprising than it once did.

Identity of the signalling eCBs

Which, if either, of the two main candidate eCBs mediated
DSI and DSE was unknown in 2001; indirect evidence
favoured 2-AG in hippocampus (e.g. Stella et al. 1997),
but the model of Elphick & Egertova (2001) was based on
the AEA system. Early support for the 2-AG hypothesis
came from pharmacological experiments. Interference
with AEA metabolism had no effect on DSI, whereas inter-
ference with cyclooxygenase-2 (COX-2), an enzyme which
uses 2-AG as a substrate (Kozak et al. 2000), enhanced
DSI (Kim & Alger, 2004), presumably by reducing 2-AG
degradation.

The major enzymes for 2-AG synthesis are
phospholipase C (PLCβ) and diacylglycerol lipase (Kano
et al. 2009). Knocking out PLCβ abolished GPCR-coupled
eCB effects but not DSI (DSI is a consequence of
the purely Ca2+-dependent mode of eCB production)
(Hashimotodani et al. 2005), indicating that at least
two distinguishable biochemical pathways generate
signalling-related eCBs. In the bed nucleus of the stria
terminals (BNST) (Puente et al. 2011) DSE is reduced by
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the PLC inhibitor, so there may be regional differences
in the involvement of PLC in Ca2+-dependent eCB
responses. DGL has two isoforms: DGLα and DGLβ
(Bisogno et al. 2003). Molecular genetic deletion studies
(Gao et al. 2010; Tanimura et al. 2010; Yoshino et al.
2011) concluded that DGLα is the primary enzyme for
eCB-related signalling because DSI and DSE are absent
in DGLα−/− tissue, but intact in DGLβ−/− tissue. Loss or
deficiency in GPCR-induced forms of eCB signalling is also
observed when DGLα−/− is absent (Tanimura et al. 2010).
Combined, the data bolster the conclusion that 2-AG pre-
dominantly mediates the phasic forms of intercellular eCB
signalling that have been investigated to date.

Unexpectedly, AEA levels are also reduced by ∼50% in
certain DGLα−/− animals (Gao et al. 2010; Tanimura et al.
2010). This suggests a more direct link between the AEA
and 2-AG pathways than had been generally assumed, and
renews questions about the mechanisms of AEA synthesis.
It also raises the possibility that 2-AG might not be the eCB
in every case in which DGLα deletion disrupts signalling.
Reduction in AEA occurred in hippocampus, but not
prefrontal cortex, of a different DGLα−/− line (Yoshino
et al. 2011), suggesting the relationship between AEA
and DGLα is region-specific. AEA is not altered in any
strain of DGLβ−/− animal, suggesting that its reduction
by DGLα−/− is not simply a side-effect of disturbing
the general (‘housekeeping’) lipid metabolism-related
functions of DGL.

Thus the findings from the DGL−/− mice support the
2-AG hypothesis, but stimulate further questions: (1) does
AEA play any role in eCB signalling? (2) how is AEA
synthesized? (3) is the 2-AG system a unitary entity? (4)
what functions does DGLβ serve? These questions are
considered below.

Anandamide

Tanimura et al. (2010) strongly stimulated cerebellar tissue
and observed no change in AEA levels in WT or DGLα−/−

mice, which indirectly supported their conclusion that
2-AG is the predominant eCB involved in intercellular
signalling. However, the spatial resolution of the bulk
neurochemical assays would be inadequate to detect
localized, input-specific AEA production in a small group
of cells. Moreover, AEA levels might be increased in other
brain regions (Giuffrida et al. 1999). Indeed, previous
data implicated AEA rather than 2-AG in intercellular
signalling in certain cases (Giuffrida et al. 1999; Azad et al.
2004; Ade & Lovinger, 2007).

Recent reports (Chavez et al. 2010; Grueter et al.
2010) conclude that AEA modifies synaptic trans-
mission in dentate gyrus and nucleus accumbens,
respectively. In both cases, AEA generated in a postsynaptic
cell by mGluR5 activation induced an input-specific
down-regulation of AMPA-type ionotropic glutamate

receptors that was brought about by dynamin-mediated
endocytosis. The end result is a form of LTD that is purely
postsynaptic in induction and expression. This LTD does
not result from activation of CB1R by AEA, but rather
from its action as an agonist at the vanilloid receptor,
TRPV1 (transient receptor potential receptor, also called
VR1) (Zygmunt et al. 1999; Ross, 2003). Chavez et al.
(2010) and Grueter et al. (2010) used physiological and
genetic tools, including the TRPV1−/− mouse, to argue
convincingly that AEA acts via TRPV1 in down-regulating
AMPARs.

Importantly, Grueter et al. (2010) showed in addition
that stimulus-induced AEA also affected presynaptic
CB1Rs, confirming that it is a dual-function, end-
ocannabinoid/endovanilloid agonist (Fig. 1A). It will be
interesting to reinvestigate the physiologically-induced
AEA actions and the effects of FAAH inhibitors in
DGLα−/− animals, as a deficiency in them might mean that
DGLα−/− is functionally upstream of AEA. A thorough
behavioural analysis of the DGLα−/− mice should also
prove rewarding.

Of course a deficiency in AEA signalling in the
DGLα−/− knock-out would not imply that DGL activation
is directly required for its synthesis. Complexity of
lipid metabolic pathways presents many opportunities
for cross-talk that would not be directly related to
signalling (Di Marzo, 2011). AEA synthesis is quite
complex and can proceed via at least four distinct
pathways (Di Marzo, 2011); which is the most relevant
for eCB signalling is not known, and interactions
among them are likely. A candidate enzyme for AEA
synthesis, N-acylphosphatidylethanolamine hydrolyzing
phospholipase D (NAPE-PLD), is localized to presynaptic
excitatory terminals (Egertova et al. 2008; Nyilas et al.
2008), not postsynaptic structures of hippocampus or
some other areas. In the BNST, 2-AG and AEA also serve
different roles (Puente et al. 2011), and here it is found
the different modes of cellular stimulation produce either
2-AG or AEA. Moreover, in the BNST, NAPE-PLD is found
in postsynaptic dendrites and dendritic spines apposed to
apparently excitatory synaptic terminals. It is expected that
the synthetic enzymes for AEA production will be found
in the postsynaptic cell, and hence, at least in the BNST, a
mechanism for supporting AEA in intercellular signalling
is in place. Interference with FAAH activities has numerous
physiologically relevant actions on the nervous system and
behaviour (Cravatt et al. 2001, 2004; Long et al. 2009b),
and thus working out the details of AEA production in
individual brain regions remains an important goal.

Tonic eCB release

Wilson & Nicoll (2001) found that an antagonist of eCB
uptake suppressed IPSCs by a CB1R-dependent process.
The antagonist did not act directly on CB1Rs and it
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was inferred that eCBs were continually being released,
taken up, and recycled. Prevention of uptake evidently
led to extracellular eCB accumulation and activation of
presynaptic CB1Rs. These observations were taken as
support for the concept of retrograde release of eCBs,
as it was assumed that continual (‘tonic’) eCB secretion
was related to the stimulation of (‘phasic’) eCB release by
a rise in [Ca2+]i. Indeed, strongly chelating Ca2+ in the
postsynaptic cell abolishes both tonic (Neu et al. 2007;
Kim & Alger, 2010) and phasic eCB effects. However, the
phenomena are mediated by entirely different processes.

If 2-AG generated by DGLα were released as soon as
it is produced, constitutive CB1R-mediated suppression
of synaptic transmission should be ubiquitous. Tonic
eCB-mediated actions do occur (Losonczy et al. 2004;
Hentges et al. 2005; Oliet et al. 2007; Zhu & Lovinger,
2010), but there is little evidence that 2-AG is the mediator.
In fact, if 2-AG were synthesized, released, and then quickly
degraded, the existence of large basal quantities of 2-AG
might be difficult to explain. Instead, releasable and stored
2-AG may represent separate pools. In line with this
concept, it is found that potent and selective inhibitors

Figure 1. New roles for anandamide (AEA)
A, model showing postsynaptic generation of AEA by mGluR5 activation in D2 receptor expressing (D2+) medium
spiny neurons (MSNs) in the nucleus accumbens. AEA then induces a postsynaptic form of LTD by activating
postsynaptic TRPV1 channels and triggering dynamin-dependent endocytosis of AMPARs. AEA is also released
as a retrograde messenger and activates CB1Rs on presynaptic glutamatergic terminals onto the MSNs. The
CB1R-mediated effect leads to a presynaptic, RIM1α-dependent form of LTD, by persistently suppressing glutamate
release. B, tonic suppression of GABA release from CB1R-expressing interneurons in hippocampus represents a
homeostatic activity-dependent mechanism. In these cells AEA is normally released in a steady manner that
is dependent on the basal, not stimulated, level of [Ca2+]i (top). Chronic inactivity of the system leads to an
upregulation in the activity of uptake and degradation mechanisms, thus lowering the amount of AEA available
to activate CB1R. A from Grueter et al. (2010) with permission from Nature Publishing Group. B from Kim & Alger
(2010) with permission.
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of 2-AG degradation enhance stimulated tissue levels of
2-AG, without affecting basal levels (Long et al. 2009a;
Marrs et al. 2010).

In fact, tonic eCB actions in hippocampus appear to
be mediated by AEA and not 2-AG (Kim & Alger, 2010).
In organotypic hippocampal cultures, chronic inactivity
caused by TTX or experimental deafferentation decreased
the tonic CB1R-mediated suppression of GABA release.
The effect was mediated presynaptically, but there was
no change in the sensitivity of presynaptic CB1Rs to
a synthetic agonist. Instead, the normal, continuous
availability of an eCB was reduced. Neither DSI magnitude
nor DSI kinetics were altered, suggesting that 2-AG
mobilization was not responsible. In contrast, inhibitors
of eCB uptake or FAAH (which does not metabolize
2-AG in intact cells) had much greater effects in the
activity-deprived than normal tissue. Evidently, chronic
inactivity increased AEA uptake and degradation, thereby
decreasing the CB1R-mediated suppression of GABA
release (Fig. 1B). While an inactivity-induced decrease in
basal [Ca2+] appeared to be responsible for triggering
the reduction in AEA mobilization, details have not been
worked out. This novel mode of control of AEA-mediated
actions also demonstrated the importance of specific
microcircuit regulatory mechanisms in understanding
neuronal homeostasis.

Is tonic CB1R activation mediated by AEA in other areas
of the brain? What is the function of tonic eCB release
and how is it regulated? Does tonic eCB release affect
glutamatergic synapses as well? These questions remain to
be addressed.

The ‘on-demand’ model of eCB production
and pools of 2-AG

A fundamental tenet in eCB signalling is that eCBs are
produced ‘on-demand’, i.e. synthesized only when needed
in response to a stimulus (Marsicano et al. 2003). A simple
model therefore predicts that there will be tight coupling
between eCB synthesis and release – eCBs will be released
for signalling as soon as they are synthesized – since
these lipophilic molecules cannot be stored in vesicles.
Supporting evidence for the model includes bulk neuro-
chemical measurements of increases in eCBs when tissue
is appropriately stimulated (i.e. depolarizing conditions,
Ca2+ influx, etc.). On the other hand, high levels of
2-AG are detected in nominally unstimulated cells, and
2-AG has non-signalling-related roles (Piomelli, 2003; Di
Marzo, 2011). Hence stimulus-induced increases in eCB
levels might not be specifically related to signalling. The
observations of tonic eCB release also pose a challenge for
the on-demand model, since it is not obvious in most case
what ‘demand’ (i.e. what stimulus) is driving the persistent
eCB production.

Basal tissue levels of 2-AG were only reduced by
80% in DGLα−/− mice (Gao et al. 2010; Tanimura
et al. 2010). Probably DGLβ mainly accounts for the
DGLα-independent pool of 2-AG (Gao et al. 2010; Yoshino
et al. 2011). In any case, the existence of a basal pool of
2-AG in the DGLα−/− mouse indicates that significant
amounts of 2-AG exist in tissue that is not explicitly
stimulated. Moreover, the data imply that the remaining
20% of the 2-AG in DGLα−/− mice was not releasable,
arguing first that synthesis and release of 2-AG are not
coupled processes, and second that retention of 2-AG by
some mechanism within cells is possible. The subcellular
sites of production of basal and signalling 2-AG may be
physically separated.

Nomura et al. (2011) report that the predominant
degradative enzyme for 2-AG, monoacylglyceride lipase
(MAGL), is the major source of arachidonic acid for the
synthesis of inflammatory prostaglandins in the brain,
and not, as had been thought, the phospholipase A2
pathway. MAGL acts as a nodal switching point; when
it is active, 2-AG is degraded, and the copious amounts
of arachidonic acid produced enter the prostaglandin
synthesis system. When MAGL is inhibited, 2-AG levels
go up, and prostaglandin levels and the associated neuro-
inflammation are reduced. These fascinating new results
underscore the importance of 2-AG in non-eCB related
functions. It is not yet clear how MAGL activity is
regulated. It will also be important to identify the sources
of the 2-AG that contribute to prostaglandin synthesis
and unravel the relationship between the prostaglandin
and endocannabinoid systems. Again, the DGLα−/− mice
should be very useful in this regard.

Separate pools of 2-AG for physiological signalling

Absence of 2-AG-mediated eCB effects in DGLα−/− mice
does not establish that there is only one functional
signalling pool of 2-AG. Indeed, marked differences
exist between Ca2+-dependent and GPCR-dependent, e.g.
mGluR-activated, eCB processes: DSI is entirely Ca2+

dependent, whereas eCBmGluR is much less sensitive to
Ca2+. Conversely, eCBmGluR is strictly dependent on PLCβ

while DSI is (generally) PLC independent. Such data may
suggest the existence of multiple signalling-related 2-AG
pools, although this issue has received little attention.
Assuming that the results from the DGLα−/− mice mean
that 2-AG is involved in most Ca2+- and GPCR-dependent
eCB-signalling processes, and that signalling-2-AG exists
within a cell in an undifferentiated pool, inhibiting DGLα
should prevent all 2-AG mediated effects simultaneously.
Alternatively, differential sensitivity of the responses
to the action of pharmacological inhibitors of DGL
would suggest the existence of multiple, operationally
definable pools of 2-AG. Recently, it has been found that
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pharmacological inhibitors of DGL, either internally or
externally applied, can abolish DSI while having little or
no effect on eCBmGluR (Zhang et al. 2011). In addition,
after a DGL inhibitor had abolished DSI, stimulation of
eCBmGluR revealed a decline in its magnitude, as expected.
Surprisingly, though, the rate with which eCBmGluR

declined was not simply a function of time since the DGL
inhibitor took effect. Rather, the decrease in eCBmGluR was
use dependent – it occurred more rapidly if eCBmGluR

responses were repeatedly elicited over the same inter-
val of time. Together, the results are compatible with
a model in which 2-AG is not always produced and
released on demand from a single source immediately
following DGL activation, but can in part go into a
preformed pool which can be tapped for release during
eCBmGluR.

The relatively large size of the basal DGLα-sensitive
2-AG pool suggests that either DGLα is intrinsically
active in quiescent cells, or that spontaneous neuronal
activity stimulates it. It should be noted that the low
levels of spontaneous neuronal activity normally recorded
in vitro could magnify the degree of experimentally
stimulated endocannabinoid synthesis. The higher levels
of spontaneous activity in vivo might generate higher basal
levels, and stimulus-induced elevations of 2-AG might
then be less apparent in vivo than in vitro.

Regulation of eCB mobilization

There is a 15-fold increase in basal AEA levels in FAAH−/−

mice compared to WT mice (Cravatt et al. 2001). Azad
et al. (2004) reported that iLTD is enhanced in the
FAAH−/− mice. If AEA were simply released as soon as
it is produced, as required by the on-demand model, then
it should cause a tonic suppression of CB1R+ synapses,
rather than an increase in iLTD. To account for their
results, Azad et al. (2004) propose that release of AEA
might be a dynamically regulated step. If eCBs are not
necessarily released as soon as they are synthesized, then
what mechanisms could govern their release? It is not yet
clear how the lipophilic eCBs cross the plasma membranes
of the cells where they are produced to get to their target
receptors on presynaptic terminals. There is some evidence
that the eCB transporter participates in certain forms of
eCB-dependent LTD (Bender et al. 2006; Adermark et al.
2009) and iLTD (Ronesi et al. 2004; Edwards et al. 2008),
because intracellular application of a transporter blocker
prevents the induction of eCB-LTD or eCB-iLTD. Perhaps
the transporter, normally thought to govern eCB uptake,
can operate in the ‘reverse’ mode and help promote the
sustained release of eCBs from the cell that is required for
eCB-LTD (Chevaleyre & Castillo, 2003; Ronesi et al. 2004).
DSI and short-term eCB effects are not altered by intra-
cellular transporter inhibitors, however (Edwards et al.

2008), so transporter activity is not obligatory for eCB
release.

Fu et al. (2011) have discovered a FAAH-1 splice
variant that drives AEA transport in neurons (FAAH-like
AEA transporter, FLAT). Isolated as a cDNA product
of the Faah gene, FLAT can bind AEA, and is partly
cytosolic, but lacks catalytic activity. When expressed in
HEK293 cells, FLAT facilitates [3H]AEA accumulation
that is inhibited by conventional agents that block the AEA
transport function. Of potential therapeutic importance
was the isolation of a small molecule inhibitor of FLAT
(ARN272) that was apparently specific and had analgesic
effects in behavioural pain models. Interestingly, FLAT also
facilitates the release of endogenous AEA from cells, which
could be compatible with the suggestion that in certain
circumstances eCBs may be released by reversed trans-
port. It will be intriguing to learn if ARN272 influences
intercellular eCB-mediated signalling. Nevertheless, FLAT
does not affect 2-AG movements, and the mystery of 2-AG
translocation remains.

It is worth noting that, although induction of long-term
forms of eCB-dependent synaptic plasticity requires
activation of CB1R lasting for several minutes, this factor
alone is insufficient for the long-term effects. Neither
application of the CB1R agonist WIN55212-2 (Ronesi et al.
2004) nor evoking DSI repeatedly for a 10 min period,
which causes a sustained synaptic suppression brought
about by the natural eCB (Edwards et al. 2006), induces
LTD. Rather, other factors, e.g. presynaptic stimulation,
co-activation of neurotransmitter receptors, etc., appear
to be essential for the transition from short-term to
long-term forms of eCB-dependent plasticity. There is
no consensus as to what these factors are and they
undoubtedly vary across brain regions (see Kano et al.
2009, for a detailed review).

Spread of eCB effect

How far away from their site of mobilization can
eCBs activate CB1Rs? Wilson & Nicoll (2001) reported
recording from two neighbouring pyramidal cells and,
upon inducing DSI of sIPSCs in one cell, observed DSI in
both cells (although less in the passive cell) provided that
the cells were sufficiently close together – the data show
essentially no spread of the eCB effect if the separation was
>15 μm. However, the individual cells were not labelled
and their proximity was judged by the distance between
the tips of the two recording electrodes. A typical CA1
pyramidal cell is 15–20 μm in diameter; therefore if the
pipettes were positioned anywhere except the very edges
of the cells closest to each other, the spread of effect would
be less than 15 μm. If each pipette tip were in the centre of
each cell, eCBs might have to travel no more than the width
of the extracellular space, ≤0.15 μm, or perhaps less since

C© 2012 The Author. The Journal of Physiology C© 2012 The Physiological Society
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the CB1R-expressing axons may be ∼0.05 μm in diameter
and are located in the gaps between pyramidal cell somata.
It is estimated that eCBs spread ∼10 μm along a dendrite
(Chevaleyre & Castillo, 2004). Moreover the degree of
heterosynaptic spread of eCBs from synapses where they
are produced to other neighbouring synapses on the same
cell is dependent on stimulus strength (Maejima et al.
2001; Brown et al. 2003; Brenowitz & Regehr, 2005).
However, eCBs are lipophilic molecules that can diffuse
laterally within the lipid bilayer, so this value does not
reflect the ability of eCBs to diffuse across extracellular
space. Gerdemann et al. (2002) and Kreitzer & Regehr
(2002) found that when uptake of eCBs was retarded,
either by AM404 or low temperatures, respectively, then
eCB effects could reach from a stimulated cell to a
nearby unstimulated cell. In the same vein, Galante &
Marty (2004) demonstrated that generation of eCBs by
loading one cell with GTPγS (which stimulates vigorous
and continual eCB production), caused CB1R-dependent
suppression of IPSCs recorded in a nearby unstimulated
cell. Thus, if eCB uptake is reduced or mobilization
is markedly enhanced, spread of eCBs to neighbouring
cells can occur; the extracellular distance travelled by
eCBs under more normal conditions remains unresolved.
Rather than a small cloud of liberated eCBs enveloping a
cell soma, it may be more accurate to imagine a thin ‘skin’
of eCBs covering the cell near sites of eCB mobilization.

Yet if eCBs can move even small distances extracellularly
under normal conditions, another puzzle arises: filling
a given CA1 pyramidal cell with BAPTA prevents tonic
eCB-mediated suppression of the GABA inputs to that cell
(Neu et al. 2007; Kim & Alger, 2010). If released eCBs can
move freely about and contact CB1Rs on other cells, this
result is not predicted; preventing tonic eCB release from
any given cell should not prevent the release of eCBs from
surrounding cells. It appears that the eCBs responsible for
the tonic effects recorded in a cell originate entirely within
that cell. On the other hand, perhaps the 2-AG responsible
for phasic eCB effects can reach more distant targets than
can AEA (which may often be tonically released). The
problem of the extracellular movements of eCBs deserves
further attention.

DGLβ and neurogenesis

Depolarizing stimulation did not increase basal 2-AG
levels in cerebellum, hippocampus, or striatum of two
strains of DGLβ−/− mice (Tanimura et al. 2010; Yoshino
et al. 2011). In contrast, basal levels of 2-AG were
decreased in a whole-brain preparation from a different
DGLβ−/− strain (Gao et al. 2010). It could be that DGLβ
only increases 2-AG in regions other than those tested
by Tanimura et al. (2010) and Yoshino et al. (2011),
although it may be of interest that the double KO –
DGLαβ−/− – mice brain regions had consistently though

not significantly lower levels of 2-AG than did those of the
DGLα−/− animals (Yoshino et al. 2011).

In any event, the possibility that DGLβ−/− also
contributes to the pool of 2-AG in brain (it is the main
source of 2-AG in peripheral tissues, Gao et al. 2010) raises
the question of whether DGLβ has any role in the CNS.
Neurogenesis in the adult hippocampus is important for
several behavioural functions (Deng et al. 2010), and DGL
activation is implicated in adult neurogenesis in the SVZ
and dentate gyrus (Goncalves et al. 2008). eCBs acting via
CB2Rs are important for adult neurogenesis in the SVZ
and dentate gyrus Proliferation in the SVZ is inhibited
by blocking CB2R, rather than CB1R. Deletion of DGLα
markedly reduces the number of proliferating cells in the
SVZ and in dentate gyrus (Gao et al. 2010), implicating
2-AG in the process. In dentate gyrus, however, DGLβ as
well as DGLα contributes to neurogenesis, since reduced
proliferation is seen in both KO lines. If 2-AG produced
by DGLβ participates in neurogenesis, why does it not
also contribute to intercellular signalling? It seems that
both isoforms contribute to the same pool of 2-AG for
neurogenesis, but not for signalling. If both DGLα and
DGLβ contribute to the same non-signalling-related 2-AG
pool, it would suggest that DGLα produces 2-AG for
three different functions associated with three different
pools. How such hypothetical separate pools could remain
separate is unknown, however.

Conclusions

Good progress continues to be made in understanding
the eCB systems. 2-AG seems firmly established as ‘the’
signalling eCB for most stimulated (‘phasic’) intercellular
signalling. AEA is not out of the picture, though, and its
distinct roles are becoming clearer. New molecular-genetic
and pharmacological tools are helping to elucidate
non-signalling functions of eCBs.

Success in answering a number of basic questions about
the eCB systems remains elusive. A list of refractory
problems must include the issues related to trans-
membrane movements of eCBs. What are the molecular
mechanisms of uptake and release? Is eCB ‘release’
a regulated, active process? Do AEA and 2-AG share
a common transmembrane translocation mechanism?
Other major questions that were not anticipated by the
publications on 29 March, 2001, and are still largely
open include: What are the effects of DGLα knock-out
on areas of the brain, or processes, in which AEA is
thought to play a prominent role? How can the high
sensitivity of the inhibitory synapses to CB1R-dependent
suppression be reconciled with the general sparseness of
the 2-AG metabolic machinery in their neighbourhood?
What processes convert the short-term eCB actions
(mainly DSI, DSE) to the long-term forms of synaptic
depression (LTDs)? What does DGLβ do? Such questions
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will continue to stimulate research into the rich field of
the endocannabinoid systems and will no doubt make for
other remarkable days in the future.
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